In Brief NF-kB regulates genes essential for conventional T cell activation and function, but its role in Treg cell function remains unclear. Oh et al. use Treg cellspecific conditional deletions of canonical NF-kB subunits to demonstrate central roles for p65 and c-Rel in orchestrating Treg cell development, suppressive function, and molecular identity.
INTRODUCTION
Homeostasis of the immune system is maintained by a delicate balance between activation and suppression. Disruption of this balance can lead to autoimmune diseases and immune dysfunction. Immune tolerance is maintained through central and peripheral mechanisms, including specialized cell subsets. Among these, CD4 + FoxP3 + regulatory T cells (Treg cells) play a pivotal role in the inhibition of immune responses. Treg cells, which develop in the thymus or in the periphery, are characterized by the expression of the transcription factor FoxP3, and by their ability to suppress the activation and function of conventional T cells (Tconv) , and other immune cells, to maintain immune homeostasis. Thus, although they arise from the same progenitors in the thymus, Tconv and Treg cells have completely opposed biological roles. Remarkably, it is still unclear how engagement of the same T cell receptor on these two related cell types induces such different biological outcomes, despite the fact that many of the same signaling molecules and transcription factors are activated (Levine et al., 2014) . The NF-kB transcription factor family consists of five members, p65 (RelA), c-Rel (encoded by Rela and Rel, respectively), p105/p50, p100/p52, and RelB. NF-kB is activated in response to a variety of signals through two distinct pathways that are known as the canonical and noncanonical pathways. The canonical pathway leads to activation of NF-kB heterodimers containing primarily p65 or c-Rel, bound to p50, whereas the noncanonical pathway leads to activation of NF-kB heterodimers consisting of RelB and p52. Stimulation of the TCR together with costimulation of CD28 leads to activation of canonical NF-kB complexes, which translocate to the nucleus, where they bind to specific sites in promoters and enhancers of target genes. Thus, in Tconv cells, NF-kB induces expression of genes responsible for T cell activation, proliferation and production of inflammatory cytokines. Given the well-documented role for NF-kB in activation of a variety of immune effector cells, it was unclear what role NF-kB might play in Treg cells, whose biological function is to suppress the immune response.
We, along with other groups, have shown previously that NF-kB c-Rel plays an essential role in the thymic development of Treg cells (Isomura et al., 2009; Long et al., 2009; Ruan et al., 2009 ). In Treg precursors, c-Rel binds directly to the CNS3 enhancer region and promotes the expression of FoxP3.
Treg development is impaired in mice lacking c-Rel and hence the role of NF-kB in Treg function has remained unexplored. To determine how NF-kB contributes to mature Treg function we have now conditionally deleted floxed alleles of NF-kB Rela and Rel in Tregs. We found that both c-Rel and p65 played important, but only partly redundant roles in Treg function, and only deletion of both c-Rel and p65 led to completely non-functional Tregs and lethal autoimmunity, similar to that seen in mice lacking Tregs. Analysis of the gene-expression program in these cells revealed that expression of several key genes that are known to be critical for Treg identity and function was NF-kB dependent. This suggested that NF-kB was able to access different target genes in Treg and Tconv cells. Genome-wide p65 ChIP-seq revealed a large number of lineage specific target genes in Treg cells, associated with an enhanced open chromatin conformation in Tregs. Therefore, our results suggested that an altered global chromatin state in Tregs allows NF-kB induced by the TCR to access lineage-specific binding sites and establish Treg identity and suppressive function. In summary, the studies presented here reveal the plasticity of a key transcription factor in regulating the diametrically opposed biological functions of two highly related cell types.
RESULTS

Canonical NF-kB Signaling Is Crucial for Treg Development
We explored the specific roles of the canonical NF-kB subunits c-Rel and p65 in natural (n)Treg and induced (i)Treg development by crossing mice with floxed Rel and Rela alleles with a Cd4 cre deleter strain resulting in loss of p65 and c-Rel expression (Figure S1A) . We did not observe changes in development of CD4 + and CD8 + T cells in the thymus (data not shown). However, we observed a dramatic decrease in the proportion and number of CD4 + CD8 À FoxP3 À CD25 + GITR + Treg precursors in mice lacking p65 and c-Rel (Figures 1A and 1B and S1B and S1C) . There was a graded reduction in the frequency and number of FoxP3 + Treg cells upon deletion of Rel, Rela, or both. This demonstrated unique and partially redundant functions of both canonical NF-kB subunits in the development of Treg progenitors.
To assess whether NF-kB activation was required for the transition of Treg progenitors to FoxP3 + Treg cells, we isolated Treg progenitors and induced deletion of NF-kB subunits in vitro using TAT-CRE protein (Joshi et al., 2002; Lio and Hsieh, 2008) . We observed a 3-fold reduction in Treg frequency in cells lacking Rel, or both Rela and Rel ( Figure 1C and data not shown). Hence these results suggested an intrinsic, specific, and non-redundant role for canonical NF-kB subunits in the specification of FoxP3 À Treg precursors and in the expression of FoxP3. Moreover, deletion of Rela alone led to a modest, but statistically significant, decrease in the proportion and numbers of Treg cells in both spleen and lymph nodes (LN), but not in other tissues . Mice lacking Rel exhibited a dramatic decrease in Tregs frequency in all tissues. This was further amplified by the deletion of both p65 and c-Rel, demonstrating a partially redundant role of both NF-kB subunits in homeostasis of peripheral Treg cells. Finally, we assessed the potential role of each NF-kB subunit in iTreg induction in vitro. Upon stimulation with interleukin-2 (IL-2) and transforming growth factor-b (TGF-b), cells lacking Rela gave rise to normal proportions of FoxP3 + cells ( Figure 1G ).
Naive T cells lacking Rel exhibited a partial defect in iTreg induction that was rescued by increasing doses of TGF-b. However, full ablation of the NF-kB canonical pathway, by deletion of both Rela and Rel, almost completely abolished the in vitro differentiation of naive T cells into iTreg cells. These results suggested that, although p65 and c-Rel partially compensated for one another, they also played discrete roles in multiple steps of both nTreg and iTreg development. Rel f/f mice did not exhibit any obvious morbidity, 8-month-old mutant mice showed overt splenomegaly and lymphadenopathy (data not shown), and liver and lung histology revealed increased lymphocytic infiltrates ( Figure S2G ). We also observed an increase in the frequency of effector T cells with a skewing toward IFN-g secreting T helper 1 (Th1) cells in spleen and LN ( Figure S2H ). Finally, we tested the suppressive function of c-Rel deficient Treg in T cell transferinduced colitis, in which naive Tconv cells were transferred to Figure S3A ). Foxp3
YFP-cre
Rela f/f mice were smaller than their WT littermates (data not shown) and showed accelerated mortality, with all mice dying between 5-15 weeks after birth ( Figure 3A ). This was associated with lymphoproliferative disease including splenomegaly and lymphadenopathy, as well as lymphocytic infiltration of lung and liver ( Figures 3B and 3C 
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cre Rel , (C), (E), and (F), data is represented as mean ± SEM of at least 3 experiments (n = 4-10 mice/group). *p < 0.05, **p < 0.01, ***p < 0.001, n.s. non-significant. See also Figure S1 . Tregs displayed normal expression of CD25 and Helios, which are important factors for Treg homeostasis ( Figure S3F ). This suggested a defect in the suppressive function of Tregs lacking p65. Tregs from Foxp3 YFP-cre Rela f/f mice were able to suppress proliferation of Tconv cells in vitro ( Figure S3G) (Figure 1 ) suggested that c-Rel and p65 exhibited partially redundant functions, and therefore to test this prediction we generated Foxp3 YFP-cre Rela f/f Rel f/f mice ( Figure S4A ). Consistent with our hypothesis, these mice showed a profound Scurfy-like phenotype with robust cutaneous inflammation and severe runting (data not shown). Foxp3
died between 2 and 4 weeks after birth ( Figure 4A ) and demonstrated pronounced lymphocytic infiltration in lungs and liver ( Figure 4B ), as well as severe splenomegaly and lymphadenopathy ( Figure 4C ). 4H ). In addition, we also detected an increase in antibodies recognizing double stranded DNA (anti-dsDNA antibodies) in Foxp3
Rel f/f mice ( Figure S4E ), similar to observations in Scurfy mice (Aschermann et al., 2013 (Figures 4I and 4J and S4C) . Also, the mean fluorescence intensity (MFI) of Helios and CD25 was decreased in NF-kB-deficient Treg cells ( Figure S4D Figure 5C ). We also observed a loss of Foxp3 mRNA expression in Rel+Rela deleted cells ( Figure 5D ). These data suggested that canonical NF-kB activity and, in particular c-Rel, was essential for the maintenance of the mature Treg population. We next tested the in vivo suppressive function of Treg cells with inducible deletion of Rel and Rela (induced-double knockout, iDKO Treg). Similar to Foxp3
and 5F). This data established an essential role for NF-kB in Treg function in vivo and suggested the canonical NF-kB pathway might play an important role in the maintenance of Treg identity.
Canonical NF-kB Maintains the Treg Transcriptome
The finding that NF-kB was required for Treg suppressive function is consistent with NF-kB being a key mediator of transcriptional events downstream of TCR ligation. However, it is unclear how NF-kB fulfills this role in both Treg and Tconv cells. Our finding that loss of canonical NF-kB in Tregs resulted in a loss of Treg function led us to hypothesize that NF-kB controls a distinct, lineage specific, transcriptional program in Treg cells.
To delineate the NF-kB-dependent transcriptomes in Tregs, we used high-throughput RNA-sequencing (RNA-seq) analysis to compare the global gene-expression patterns between Tregs of various genotypes and WT Tconv cells stimulated or not with anti-CD3 and anti-CD28. Unsupervised hierarchical clustering ( Figure 6A ) of the data by genotype indicated a profound effect of NF-kB on the Treg transcriptome. Figure S5A ). The distinct set of genes in Rela À/À Rel À/À containing loss of Treg signature genes was also observed in the clustering of our RNA-seq dataset without public data, using the genes with ANOVA fold change higher than 1 (p < 0.05) ( Figure S5B Figure S5C ).
Consistent with both the PC analysis and clustering, we found that gene expression was equally impaired in unstimulated and stimulated Rela À/À Rel À/À Tregs ( Figure 6B ).
Although NF-kB can both activate and repress gene expression, c-Rel and p65 are generally considered positive regulators of transcription. However, almost equal numbers of genes were up-and downregulated upon loss of these NF-kB subunits in Tregs ( Figure 6C ). We also found that the majority of genes differentially expressed in Rela À/À Rel À/À versus WT Tregs cells were not significantly altered in either Rel or Rela-deficient Tregs (Figure 6C ). This, together with the partial phenotypic overlap resulting from Treg specific gene deletion (Figures 2 and 3 ), suggested considerable compensation between p65 and c-Rel. We found that numerous Treg signature genes were downregulated, and conversely expression of inflammatory cytokine transcripts increased, in Rela
Rel À/À Tregs compared to WT Tregs in both stimulated and unstimulated cells ( Figures 6B and 6D ). In particular, the expression of Ifng, Il17a, Il2, Il4, and Il13 was increased at the mRNA and protein levels in Rela Figure 6E , S5F). Gene set enrichment analysis (GSEA) revealed significant enrichment of Treg genes as well as chemokine, cytokine, and transcription factor genes ( Figure S5E (Gavin et al., 2007) with Rela 
FoxP3-independent genes also highlighted a loss of the Treg signature ( Figure S5H ). Thus, ablation of NF-kB led to a loss of Treg identity not only indirectly through the downregulation of FoxP3 expression but also by directly affecting expression of NF-kB-dependent genes. As Foxp3
develop an early systemic inflammatory syndrome, we then asked whether the altered gene expression in Rela
Tregs was due to the intrinsic absence of NF-kB in the cells, or due to inflammatory cytokines in the local environment. The modest but significant increase of the expression of Ifng, Il5, and Il22 in Rel-deficient Tregs was a first indication that loss of NF-kB subunits led toward a Teff-like phenotype independent of local inflammation as young Foxp3 YFP-cre Rel f/f mice do not display any autoimmune phenotype (Figure 2 ). To further analyze the effect of NF-kB-ablation independently of the local milieu, we deleted floxed Rela and Rel in vitro, using TAT-Cre. Geneexpression patterns of control and iDKO Tregs were then compared by RNA-seq. As observed upon in vivo deletion of NF-kB, iDKO Tregs exhibited increased expression of various inflammatory cytokines such as Il17a, Il22, Ifng, and Il4 ( Figure 6F ). Moreover, some hallmarks of Treg identity, such as Foxp3, Cd83, and Id3, were also downregulated. This demonstrated that NF-kB exerts a cell-intrinsic effect to maintain Treg identity and prevent the expression of Tconv-specific genes. Taken together, this analysis suggested that NF-kB regulates distinct transcriptional programs in Treg and Tconv cells and demonstrated an important role for NF-kB in maintenance of a lineage-specific transcriptome in Tregs.
NF-kB p65 Directly Coordinated the Expression of Treg-Signature Genes To characterize lineage specific, differential DNA binding patterns by NF-kB in Treg and Tconv cells, we used chromatin immunoprecipitation with massively parallel DNA sequencing (ChIPseq). After identifying putative p65 occupancy sites using the irreproducible discovery rate (IDR) framework (Li, 2011) as outlined by ENCODE, we compared the number of peaks between populations. A fraction of peaks were detected both with and without stimulation, and these were mostly overlapping between Treg and Tconv ( Figure 7A ). To define a more rigorous set of overlapping regions putatively bound by p65 across all four conditions, we identified peaks in stimulated Treg cells that were also observed in stimulated Tconv cells, as well as in both unstimulated Treg and Tconv cells. We named this subset of 1,571 peaks associated with 1,297 genes ''constitutive'' because of the relatively high enrichment compared to input across all 4 samples ( Figure 7B ). GSEA on these ''constitutive'' p65-bound genes showed genes such as cell cycle-related genes (e.g., Cdk4 and Birc5) ( Figure S6A) . Interestingly, at a number of peaks, binding intensity was strongly increased upon stimulation in both Tconv and Treg similarly, confirming that NF-kB activation and binding to chromatin is induced upon TCR+CD28 signaling ( Figures 7A  and 7B ). We defined a set of shared peaks in both Treg and Tconv stimulated cells that were also differentially enriched in stimulated versus unstimulated Treg cells, but not significantly differentially occupied between Treg and Tconv (see STAR Methods). We named this subset ''Treg-Tcon shared'' and found that this gene set corresponding to 3552 genes was enriched for genes such as cytokines and cytokine receptors, e.g Tnf, as well as known NF-kB-induced genes such as Nfkbia (IkBa) ( Figure S6B ). We also detected a number of peaks that were significantly higher in stimulated Treg compared to Tconv. This final set of p65 peaks specific to stimulated Treg cells was defined by identifying stimulated Treg binding sites differentially enriched over both unstimulated Treg and stimulated Tconv cells. Of the 432 genes putatively associated with these 859 peaks, several fall within the welldescribed set of Treg signature genes such as Foxp3, Ikzf2, and Lrrc32 ( Figure 7F ). GSEA of this ''Treg-stim enriched'' population was enriched in genes highly expressed in Treg versus Tconv (Figure S6C) . Only a few peaks were specifically detected in stimulated Tconv but not Treg cells, suggesting that p65 binding could be influenced by a Treg-specific environment that does not exist in a Tconv-specific landscape. The distribution of peak distances from the nearest transcription start site (TSS) and the distribution of genomic annotations associated with those peaks showed significant variation between different samples ( Figure S6D ). In contrast with constitutive peaks, Treg stimenriched peaks showed marked increase in the fraction of peaks located in distal intergenic regions, suggesting that they might be binding to putative enhancers. These peaks contributed to the overall increase in Treg stim peaks ( Figure 7A ). Our data demonstrated that TCR+CD28-induced NF-kB binding is different in Treg and Tconv, suggesting that the Treg-lineage environment influences NF-kB binding and function.
We next looked for p65 binding motif enrichment in each gene subset using SeqGL (Setty and Leslie, 2015) , as described in STAR Methods. We found an enrichment for a Rel Homology domain-like motif nearby both Treg stim-enriched and TregTcon shared summits ( Figure 7C ). The peaks shared by Tconv and Treg were enriched with motifs for various transcription factors such as CREB, ETS, and RUNX1 in addition to NF-kB REL-binding motifs ( Figure 7C ). On the other hand, Tregenriched peaks were predominantly enriched only with RELbinding motifs. This suggests that preferential binding of p65 to those sites in Treg over Tconv might not be due to unique unconventional binding motifs.
We then analyzed whether Treg-specific p65-binding could simply rely on a differential chromatin accessibility in Treg and Tconv cells. DNase hypersensitivity (HS) experiments have previously demonstrated a discrete chromatin accessibility in Treg and Tconv (Samstein et al., 2012) . To assess a possible role for accessibility in p65-binding, we aligned their DNase HS sequencing data in Treg and Tconv cells to our p65 ChIP-seq dataset. Interestingly, in Treg-enriched peaks, chromatin accessibility was significantly higher in Treg versus Tconv, whereas the opposite trend was observed in Treg-Tconv shared peaks ( Figure 7D ). This was illustrated by higher DNase HS signals in Treg at numerous Treg-associated genes, such as Foxp3, Ikzf2, or Lrrc32 (Figure 7G) . Similar results were obtained when using a recently reported (Kitagawa et al., 2017 ) ATAC-Seq dataset ( Figure 7E ). This correlation suggests that chromatin accessibility yields increased p65 binding at Treg-enriched loci, resulting NF-kBdependent regulation of the Treg specific transcriptional program.
To further elucidate the direct contribution of p65 binding to the differential gene expression of Tconv and Treg cells, we next focused our analysis on Treg and Tconv specific genes. We first defined a set of 587 ''Treg signature'' genes whose expression was significantly higher in WT Treg than WT Tconv, based on public datasets (Ye et al., 2014 ) ( Figure 7F ). As a counterpart, we used a ''Tconv signature'' set composed of 211 genes, as well as the total coding genome. We assessed the potential association between p65 binding at Treg-stim enriched, Treg-Tcon shared and constitutive peaks, FoxP3 binding peaks (Samstein et al., 2012) , Tconv-Treg and Treg Rela
-WT differentially expressed genes, and Tconv-Treg signature genes. We found a strong enrichment of Treg-specific p65 binding in Treg-signature genes. Expression of many of these genes was dependent on NF-kB, as their expression was downregulated in Rela À/À Rel À/À Tregs ( Figure 7F ). Interestingly, the fraction of genes bound by both FoxP3 and p65 was higher in Treg-signature genes than in the rest of the genome ( Figure 7F and S6E), further underlining the importance of these transcription factors in Treg-specific gene expression. This was illustrated by FoxP3 binding in the vicinity of p65 binding at Foxp3, Ikzf2, and Lrrc32 loci ( Figure 7G ). Taken together, our results showed that NF-kB directly directed the expression of Treg-essential genes by accessing specific, open loci in Treg cells. Given the importance of Tregs in both beneficial peripheral tolerance and detrimental tumor tolerance, it is therefore essential that we understand how the same TCR signaling leads to such different biological functions in Treg and Tconv cells. It has been proposed that activation of the canonical NF-kB pathway upon TCR and CD28 triggering is important for normal Treg differentiation. For instance, mice lacking any member of the CARMA-1-Bcl-10-Malt1 complex exhibit a profound lack of FoxP3 + thymocytes (Molinero et al., 2009) , whereas constitutive activation of NF-kB through an IKKEE transgene in T cells increases thymic Treg cells (Long et al., 2009 ). Furthermore, germline deletion of c-Rel leads to reduced transition into the Treg progenitor step and subsequent maturation into FoxP3 + Treg cells (Grigoriadis et al., 2011; Isomura et al., 2009 ). However, deletion of Rel does not fully eliminate Treg cells, leaving unclear the role of the canonical NF-kB pathway. The study of Rela À/À mice was complicated by the embryonic lethality of these mice although indirect evidence pointed toward a role for p65 in FoxP3 expression (Deenick et al., 2010; Isomura et al., 2009; Soligo et al., 2011 ). In the current study, we demonstrated a crucial requirement for both canonical NF-kB subunits in the generation of FoxP3 À Treg precursors. Canonical NF-kB signaling, along with IL-2 to STAT-5 and IkB-NS signals (Lio and Hsieh, 2008; Schuster et al., 2012) , is crucial for the subsequent expression of FoxP3 and for mature Treg homeostasis in secondary lymphoid organs. We also showed a partial redundancy as absence of both p65 and c-Rel led to nearly complete abolishment of Treg cells in the thymus and the periphery.
To date, only a moderate role for NF-kB was previously described in the in vitro iTreg polarization (Jana et al., 2009; Visekruna et al., 2010) . Here we showed that naive T cells fully lacking canonical NF-kB were unable to give rise to iTreg, even in the presence of exogenous IL-2, whereas deletion of only Rela or Rel had nearly no effect. Thus, our studies demonstrated a redundant but crucial role for canonical NF-kB activity in iTreg development and highlighted a specific role for each NF-kB subunit in Treg development in vivo and in vitro.
To examine the role of NF-kB in Tregs more precisely, we performed Treg-specific conditional deletion of Rela and/or Rel. The profound autoimmunity observed upon deletion of Rela in Tregs was consistent with recently reported results (Messina et al., 2016) . However, these mouse models showed that both p65 and c-Rel played essential, although partially redundant, roles in the function of Treg cells. In contrast to its essential role in Treg development, we observed little effect of Rel deletion on the ability of Tregs to suppress systemic lymphoproliferative disease. In contrast, mice in which both subunits are deleted in Treg cells display a Scurfy-like phenotype with severe lethal lymphoproliferative and autoimmune disease despite only modest reductions in Treg numbers. Therefore, canonical NF-kB is essential for the function of both Treg and Tconv cells.
The graded phenotype observed in mice lacking c-Rel, p65, or both NF-kB subunits in Treg offers some hints as to the relative importance of specific canonical NF-kB regulated genes in Treg function. That is, while Foxp3 YFP-cre Rela f/f Rel f/f mice exhibit a Scurfy-like phenotype, mice lacking Rela in Tregs display a relatively delayed, though still severe phenotype, whereas mice lacking only Rel in Tregs show a substantially delayed and mild phenotype. Thus, it might be expected that an analysis of gene expression between genotypes would be instructive in understanding the basis of this graded phenotype. Although expression of specific candidate genes known to be important for Treg function were clearly altered, it seemed that graded changes in expression of several target genes, likely due to partial compensation between canonical NF-kB subunits, accounted for the difference in Treg suppressive phenotypes observed. When the canonical NF-kB pathway was completely ablated in Treg cells by deleting both Rela and Rel, Tregs not only lost suppressive function and their expression of Tregsignature genes but also upregulated the expression of certain Tconv genes, especially inflammatory cytokines. This was due to a specific function of c-Rel, as Rel-deficient Tregs, but not Rela-deficient Tregs, displayed increased expression of Ifng among the cytokines. These data suggested that in Tregs, c-Rel, specifically, was essential for the suppression of effector cytokine expression. Further analysis of the functions of c-Rel and p65 in Tregs demonstrated a unique role for c-Rel in activated Treg function and maintenance of tumor tolerance (Grinber-Bleyer et al., 2017) . Overall, canonical NF-kB regulated a lineage specific transcriptome comprising multiple genes with a broad role in the maintenance of Treg identity and function, which suppressed a conventional CD4 + T cell phenotype in Tregs. While canonical NF-kB is well-known to be critical for effector cell differentiation and expression of inflammatory cytokines in Tconv cells, our findings indicate that the same signaling pathway regulated a dissimilar lineage defining transcriptional program in Treg cells. Thus, the canonical NF-kB pathway, in both cases activated through ligation of the same TCR complex, activated a qualitatively and quantitatively distinct transcriptional program with opposing biological functions. Two potential mechanisms help explain the divergent role of canonical NF-kB in Treg and Tconv cells: the extent of NF-kB activation and access to kB DNA binding sites. Tregs depend on constitutive TCR signaling for maintenance of suppressive function (Levine et al., 2014) . Thus, we, like others (Messina et al., 2016) , saw higher levels of nuclear canonical NF-kB subunits in circulating Tregs compared to Tconv cells, consistent with an ongoing role for NF-kB in the regulation of the Treg specific transcriptome (data not shown). However, increased canonical NF-kB activation in Tregs compared with Tconv cells did not account for the divergent transcriptional programs regulated by NF-kB in the two cell types. TCR ligation induced equivalently robust canonical pathway activation in both cell types, yet NF-kB regulated distinct sets of genes in Treg and Tconv cells. This suggested that changes in the chromatin landscape in Treg cells might be a major determinant of Treg identity. Consistent with this idea, NF-kB p65 ChIP-seq identified substantial differences in chromatin binding between Treg and Tconv cells, following TCR stimulation. In particular, the number and intensity of many peaks were higher in Treg cells compared to Tconv cells. These Treg-enriched peaks were often found in Treg-associated genes, such as Foxp3 or Ikzf2, further confirming a direct Treglineage specific role for NF-kB. This specific binding was not due to an altered binding motif. However, DNase-seq and ATAC-seq analyses revealed greater chromatin accessibility in Treg than Tconv cells at these loci. This suggested that lineage-associated p65-binding relied on a Treg-specific chromatin structure rather than on a specific DNA sequence.
The molecular mechanism driving distinct p65 binding in Treg cells remains to be elucidated. A possibility is that other Treg-specific transcription factors might drive NF-kB activity, or cooperate with p65, to regulate Treg gene expression. Given that FoxP3 is the lineage specific transcription factor that differentiates Treg and Tconv cells, it is possible that FoxP3 itself coordinates Treg-specific p65-binding and activity. It was previously suggested that FoxP3 and p65 might influence NF-kB activity, for instance on the Tnfrsf18 (GITR) locus (Tone et al., 2014) . Analysis of our ChIP-seq and public data showed binding for both p65 and Foxp3 on multiple Treg genes, including Foxp3 itself, Ikzf2, Lrrc32, or Ctla4. Other transcription factors, such as Foxo1/3 or ETS-1, were also suggested to influence the expression of NF-kB-dependent Treg signature genes (Kerdiles et al., 2010; Ouyang et al., 2012; Samstein et al., 2012) . This suggests that other lineage specific factors likely also contributed to the lineage-specific transcriptional program regulated by canonical NF-kB. Understanding how different chromatin modifying and transcription factors orchestrate the establishment of a Treg-specific transcriptome would be of great interest.
In summary, our studies demonstrated an absolute requirement for canonical NF-kB for regulatory T cell function in vivo. Given the known roles of canonical NF-kB in conventional T cell responses, these data suggested that considerable caution is need for the development of immunomodulatory therapeutics that target the NF-kB pathway. In this regard, the differential roles of p65 and c-Rel in Tregs, identified here, as well as in B and T cell immune responses, previously described, suggest that approaches that selectively target specific components of the NF-kB signaling pathway might have greater utility compared to inhibitors that shut down the entire pathway, e.g., inhibitors that target IKK. Finally, these studies demonstrated an intriguing functional plasticity for the NF-kB pathway where even within closely related cellular lineages, the same NF-kB subunits could regulate highly divergent transcriptional programs with profound biological ramifications.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Rel f/f mice, 7-8 months mice were used. All experiments were performed following the animal protocol approved by Institutional Animal Care and Use Committee of Columbia University (protocol AAAI 4700).
METHOD DETAILS
Cell Isolation Cells were isolated from spleens and lymph nodes by grinding with cell strainers. For isolation of cells from the intestine, colons were collected and cut into small pieces after being cleaned up. Intestinal pieces were incubated in PBS containing 5 mM EDTA and 10 mM HEPES at 37 C with shaking for 20 min twice to acquire intestinal epithelial cells. Remaining pieces were digested with culture media containing 1 mg/ml collagenase type IV (Sigma) and 1mg/ml DNase I (Sigma) at 37 C for 15 min twice to acquire lamina propria cells. Lymphocytes were isolated by Percoll gradient from isolated cells. For isolation of cells from lungs, lungs were cut into small pieces and digested in culture media containing Collagenase and DNase I at 37 C. Then, digested lung fragments were passed through cell strainers to get single cell suspensions. Lymphocytes were isolated by Percoll gradient.
Flow Cytometry and Sorting
Isolated cells were stained with aCD4, aCD8, aCD3, aTCRb, aCD44, aCD62L, aFoxP3, aIL-17 and aIFN-g (eBioscience and Tombo). For FoxP3 and cytokine staining, cells were stained according to the manufacturer's protocol form FoxP3 staining kit (Affimetrix/ eBioscience). For cytokine staining, cells were stimulated with 50 ng/ml PMA and 1 mg/ml ionomycin in the presence of GolgiPlug (BD Bioscience) for 4 hr at 37 C and stained for surface markers followed by fixation/permeabilization and staining for cytokines. Stained cells were acquired with LSRII or LSR Fortessa cytometers; data was analyzed using FlowJo (Treestar) (BD Bioscience). For sorting of Treg cells, CD4+ T cells were enriched by using mouse CD4+ T cell isolation kit (Miltenyi) or Magnisort mouse CD4+ T cell enrichment kit (Affimetrix/eBioscience) and then cells were sorted by FACSAria (BD Bioscience).
In Vitro Treg Differentiation CD4 + CD44 low CD25 -naive T cells were FACS-sorted from splenocytes suspensions. 10 5 T cells were cultured in complete RPMI (GIBCO) with 10 5 T cell depleted, mitomycin C-treated WT splenocytes and 2.5 mg/mL anti-mCD3 (BioXCell), in the presence of 10 ng/mL mIL-2 (Peprotech) and grading doses of human TGF-b1 (Peprotech), for 4 days at 37C. Cells were then stained for flow cytometry analysis.
Western Blotting
Total lysates were extracted using RIPA buffer and protease inhibitors with SDS. 20 mg protein extracts were resolved in polyacrylamide gels and transferred onto PVDF membranes. Membranes were incubated with anti-p65, c-Rel (Santa-Cruz) and GAPDH (Fitzgerald) Abs, followed HRP-coupled secondary Abs.
In Vivo Suppression Assay Tconv cells were sorted from wild-type mice and Treg cells were sorted from wild-type or conditional knockout mice. 4 3 10 5 Tconv cells were transferred to RAG1 mice by i.v. injection together with wild-type or knockout Treg cells (1 3 10 5 ). Tconv cells were also transferred without Treg cells as a control group. Weight was monitored weekly after adoptive transfer to observe progression of disease. Mice were euthanized when some of them reached 20% reduction of initial weight, and colons and other lymphoid organs were collected for H&E staining and flow cytometric analyses.
In Vitro Suppression Assay Tconv cells were sorted from wild-type mice and Treg cells were sorted from wild-type or conditional knockout mice. Tconv and Treg cells were co-cultured at different ratios of Tconv:Treg in the presence of anti-CD3 and anti-CD28 antibodies. Tconv cells were also cultured without Treg cells as a control. Cells were cultured for 3 days and 1 mCi of 3 H-thymidine was added to each well 8 hr before harvest. T cell proliferation was observed by measuring the incorporation of 3 H-thymidine by the scintillation counter.
Quantitative RT-PCR (qRT-PCR) RNA was prepared from cells by using RNeasy Mini Kit or RNeasy Plus Mirco Kit (QIAGEN). cDNAs were synthesized by using SuperScript III (Invitrogen) and quantitative PCR was performed by using SYBR Green (Quanta Biosciences) using a CFX96 or CFX384 Thermal Cycler (BioRad). Expression level was normalized by GAPDH or tubulin.
Inducible Deletion of Genes by tat-cre Treatment
Cells were resuspended in ADCF-Mab serum free media (HyClone) and Tat-cre (Protein and Proteomics Core Facility, The Children's Hospital of Philadelphia) was also diluted in ADCF-Mab media to 100 mg/ml concentration. Cell suspension and Tat-cre solution were
Identification of Regions of Enrichment (peak-calling) MACS v2.1.1.20160309 (Yong Zhang et al., 2008) (https://github.com/taoliu/MACS) was used for peak identification within the Irreproducible Discovery Rate (IDR) framework described by the ENCODE project (Li, 2011; Landt et al., 2012) (https://sites.google.com/ site/anshulkundaje/projects/idr) to produce a single consensus peak call set for each replicate group, using appropriate ChIP/input pairs when applicable. In brief, 'macs2 callpeak' at a permissive p value threshold of 0.1 for various permutations of the replicate data, independent, combined, and in several pseudo-replicate combinations, to ascertain an appropriate threshold to make peaks calls utilizing the total combined replicate data. We chose to apply the more strict ''conservative'' threshold to identify our peak call sets.
Peak Annotation
Consensus IDR peak calls were further characterized using the bedtools suite v2.25.0-24-g3d31735-dirty (Quinlan and Hall, 2010) (http://bedtools.readthedocs.io/en/latest/). For more rigorous peak comparisons, we employed the PePr algorithm (Yanxiao Zhang et al., 2014) (https://github.com/shawnzhangyx/PePr) to identify significantly differential occupied or accessible regions. PePr models read counts using a negative binomial distribution with a dispersion parameter determined based on proximal regions. Peak associations with genes and genomic feature classes (promoter, intron, exon, etc.) were determined using the ChIPseeker (Yu et al., 2015) R package. We allowed a more strictly defined range of within 10kb upstream or 5kb downstream of the most proximal gene to determine binding status of that gene when producing results comparing association of peak and expression features with Treg and Tconv signatures.
Differential Detection
To identify enriched sequences associated with p65 binding peaks, we used the SeqGL (Setty and Leslie, 2015) R package, which identifies nucleotide k-mers that discriminate positive peak sequences from negative sequences using logistic regression with sparse group lasso applied to related k-mer groups. We used both the default negative sequences of regions flanking peak summits (+/À150bp) but also provided custom sequences when appropriate. Additionally, SeqGL associates enriched k-mer groups to known binding motifs with the HOMER motif finding algorithm (Heinz et al., 2010) (http://homer.ucsd.edu/homer/index.html). We report the SeqGL output which includes computed score for groups of k-mers along with the most similar known motif.
RNA-Seq Analysis
The reads were aligned with STAR v2.4.0c (Dobin et al., 2013) , and genes annotated in Gencode v18 were quantified with featureCounts v1.4.3-p1 (Liao et al., 2014) . Normalization and differential expression was done with the Bioconductor package DESeq2 (Love et al., 2013) .
Transposase-Assessible Chromatin (ATAC)-Seq Analysis
Publicly available ATAC-seq raw data for Treg and Tconv were obtained from a previous study (Kitagawa et al., 2017) . Sequencing alignment was performed using Bowtie2 (Langmead and Salzberg, 2012) , and further analyzed by samtools in a general pipeline. ATAC-seq peaks were detected using HOMER. Annotation of normalized ATAC-seq peaks to ChIP-seq peaks in Treg and Tconv cells were performed using the annotatePeaks.pl program in HOMER package.
QUNATIFICATION AND STATISTICAL ANALYSIS
We used the unpaired Student t test for two comparison groups. N represents the number of animals. Detailed description of statistics for each figure can be found in the figure legend. 5-way ANOVA was used to analyze the replicates of RNA-seq. To compare DNase I hypersensitivity signals in Treg and Tconv, we calculated the mean, quantile normalized, library-size normalized coverage signals using the ENCSR000COC and ENCSR000COA, respectively, from data made available by the mouse ENCODE Project. We calculated Mann-Whitney U test p values comparing the Treg to Tconv signal over ± 150bp around peak summits for each peak set. We evaluated statistically associated features within the context of the previously described 587 Treg and 211 Tconv signature genes. One-sided Fisher exact tests were performed comparing the count of genes with affirmative binary status with regards to presence of an associated peak (within upstream 10kb to downstream 5kb), significant overexpression in Treg compared Tconv or WT compared to c-Rel/p65 DKO, or a member of the Treg signature instead of the Tconv signature.
